ABSTRACT: A modular assembly of water-soluble diarylethenes (DAEs), applicable as biomarkers for optical nanoscopy, is reported. Reversibly photoswitchable 1,2-bis(2-alkyl-6-phenyl-1-benzothiophene-1,1-dioxide-3-yl)perfluorocyclopentenes possessing a fluorescent "closed" form were decorated with one or two methoxy group(s) attached to the para-position(s) of phenyl ring(s) and two, four, or eight carboxylic acid groups. Antibody conjugates of these DAEs feature low aggregation, efficient photoswitching in aqueous buffers, specific staining of cellular structures, and photophysical properties (high emission efficiencies and low cycloreversion quantum yields) enabling their application in superresolution microscopy. Images of tubulin, vimentin, and nuclear pore complexes are presented. The superresolution images can also be acquired by using solely 488 nm light without additional photoactivation with UV light. These DAEs exhibit reversible photoswitching without requiring any additives to the imaging media and open new paths toward the modular design of fluorescent dyes for bioimaging with optical superresolution.
■ INTRODUCTION
Superresolution fluorescence microscopies of the past two decades have revolutionized optical imaging in the life and materials sciences. 1, 2 Object features at distances on the (bio)molecular scale, i.e., far below the diffraction limit, can be resolved as a result. 3, 4 All concepts with such spatial resolution ultimately distinguish adjacent molecules by transiently rendering them in a dark state (of f) and a fluorescent one (on) for registration. 5 In this way, fluorescent molecules at sub-diffraction distances can be distinguished by sequential detection. 5 The different techniques are usually grouped in two classes, according to the way the superresolution is achieved. In coordinate-targeted methods [e.g., stimulated emission depletion (STED), 6 −8 reversible saturable (switchable) optically linear fluorescence transitions (RE-SOLFT), 9, 10 ground state depletion (GSD), 11, 12 and (saturated) structured illumination ((S)SIM), 13, 14 ] , the position of the on and off states is determined by a pattern of light eliciting an on→of f or off→on transition in the sample, except at predetermined positions of the pattern with vanishing intensity. In coordinate−stochastic superresolution modalities [e.g., stochastic optical reconstruction microscopy (STORM), 15, 16 photoactivated localization microscopy (PALM), 17, 18 GSD with intramolecular return (GSDIM), 19, 20 and direct stochastic optical reconstruction microscopy (dSTORM) 21 ], molecular of f→on events take place molecule by molecule, with the molecules located at random positions. The unique features and advantages of the two superresolution families have been extensively reviewed. 2,22−26 Importantly, the coordinate− stochastic approaches, such as STORM, require the detection of fluorophores at the single-molecule (SM) level. 15, 17 Superresolution microscopes are built with conventional state-of-the-art optics, and the crucial factor responsible for surpassing the diffraction barrier is the state transition of the fluorophores. Thus, the fluorophore states as well as their photophysical and -chemical properties are important. Not surprisingly, superresolution techniques have elicited a renewed interest in photoswitchable fluorescent probes. 27−31 In this line, new molecular photoswitches with improved and outstanding properties matching the demanding conditions of modern optical nanoscopy determine, to a large extent, the progress of the research field. The general requirements for the markers include high brightness and photostability, large spectral separation and signal contrast between states (i.e., large difference in the fluorescence efficiency), and high ensemble modulation (i.e., high probability of conversion to at least one of the states; in general, to the off state), as well as fast and controllable switching rates (preferably optically addressable).
Diarylethenes (DAEs) represent one of the most fatigueresistant classes of photochromic compounds fulfilling most of these requirements, 32 but their application for bioimaging and in fluorescence nanoscopies was always challenged by poor solubility in aqueous media and by the fact that they were rarely fluorescent [neither in the "open" form (OF) nor in the "closed" form (CF)]. 33 Recently, new photochromic sulfones with fluorescent closed-ring isomers based on "oxidized" 1,2-bis(2-alkyl-6-aryl-1-benzothiophen-3-yl)perfluorocyclopentenes (Scheme 1) were shown to have emission efficiencies of up to ∼90%. 37 The switching photochromic unit is intrinsically not water-soluble, but the new DAE derivatives allowed a viable and promising approach to be realized. For example, we have recently reported reversibly photoswitchable dyes decorated with four and eight carboxylic acid groups (compounds 1a and 1b, Scheme 1B). They exhibited fluorescence modulation in aqueous buffers at biologically relevant pH values (as free markers and conjugates with secondary antibodies). 36 Images of immunolabeled cells, with a spatial resolution beyond the diffraction barrier, were obtained using conjugates of compounds 1a,b in RESOLFT microscopy, a coordinatetargeted imaging technique. However, our attempts to use dyes 1a,b in coordinate-stochastic approaches yielded poor images, because their switching properties in aqueous media were inadequate for detection as SMs (see Discussion below). 38, 39 Recently, Woll and co-workers 40 reported a hydrophobic sulfone-DAE with naphthyl substituents (R 2 in Scheme 1) and applied it for the first time in STORM of soft-matter (cylindrical micelles of amphiphilic block copolymers). Such structures are highly apolar. These lipophilic markers are far from optimal for bioimaging, unless they are encapsulated into bipolar carriers or decorated with hydrophilic groups. 41, 42 Taking into consideration these results, we embarked on the development of new DAEs that can be used with stochastic SM-based fluorescence nanoscopies, for imaging under biologically relevant conditions. With compounds 1a,b as leads, we present here a rational approach to the design of water-soluble DAEs, applicable as biomarkers and detectable at the SM level. Furthermore, their performance in SM localization based superresolution techniques (e.g., PALM/STORM) is demonstrated in the present report.
■ RESULTS AND DISCUSSION
In stochastic nanoscopy, the large majority of markers must be brought to (or already reside in) the off state, except for a very sparse population that is in the on state. After localization and of f-switching, this sparse group of "active" emitters is constantly renewed (from the ensemble of "dark" markers) and recorded in a sequence of image frames. After the positions of the markers are extracted from such frames, using a localization algorithm, 43 the superresolution image is rendered as a two-or three-dimensional plot of the emitter positions. Thus, two important requirements for markers in stochastic techniques are (1) a high number of photons emitted per incursion into the on state, to ensure a high localization accuracy, 44 and (2) the possibility to achieve a high [off ]/[on] ratio (generally >∼10 3 Therefore, a complete conversion to this isomer (i.e., [off ]/ [on] → ∞) should be achieved by irradiation with visible light, where only the closed-ring isomer absorbs. The first requirement, i.e., the photons per burst, is directly proportional to the ratio of emission efficiency (Φ fluo ) and the on→off quantum yield (Φ on→of f ), because fluorescence emission and of f-switching are the two key processes competing for the depopulation of the same excited state (S 1 of the emitting isomer). Compound 1b presents Φ fluo /Φ on→off < 300; with a photon collection efficiency (CEF) of ∼10%, and around 30 photons per burst (i.e., N ph = CEF × Φ fluo /Φ on→off ) are expected to be detected in average. For this reason, this compound is not suitable for Total number of the carboxylic acid residues in the molecule;
h Properties of the parent DAE. 36 Scheme 3. Synthesis of Asymmetric DAEs a STORM, and slowing the off-switching rate by at least 1 order of magnitude lower Φ on→of f is necessary. A straightforward way to achieve such an improvement is to increase electronic "pushpull" effects in the chromophore by adding donor substituents to the para-positions in one or two terminal phenyl groups. 37, 46, 47 In this case, the p-methoxyphenyl group has a "push" effect (donor), and the sulfonic residues, as well as the perfluorocyclopentene ring, "pull" the π-electron density and act as acceptors. To test this idea and study the spectra and properties of the simple model DAE, we prepared compound 3 with two p-methoxy groups (Scheme 2) and measured its photophysical properties in methanol (Table 1) . Indeed, in this solvent we achieved a 35-fold increase in the number of photons per burst (with respect to 1b). In addition, a bathochromic shift (+20 nm in the OF) and a surprisingly large bathofluoric shift (+60 nm) were also observed. To provide solubility in aqueous solutions at physiological pH, anti-aggregation properties, and the reactive group required for conjugation, eight carboxylates were additionally introduced (compounds 4-Me and 4-Et, Scheme 2). Suzuki−Miyaura cross-coupling reactions between 1,2-bis(1-benzothiophene-1,1-dioxide-3-yl)perfluorocyclopentenes (2-Me 46 or 2-Et 37 ) and a new pinacol ester of 2-methoxy-3,5-di(N-iminodiacetate)boronic acid were used for the preparation of symmetric DAEs (with carboxylate residues protected by tertbutyl groups). The acidic treatment with CF 3 CO 2 H in CH 2 Cl 2 cleaved the tert-butyl esters, and the dimethoxy "octa-acids" 4-Me and 4-Et were isolated (with 12% yield for 4-Me and 55% for 4-Et). Ethyl groups in positions 2 and 2′ may provide better fluorescence quantum yields in highly polar solvents than methyl groups. 48 Additional asymmetric DAEs were designed and prepared in order to influence the switching properties (compounds 7-Me, 7-Et, 8, 10, and 11 in Scheme 3), and all of them were decorated with several carboxylic acid groups (two, four, or eight) fully ionizable at pH >6. These syntheses were more challenging because it was necessary to prevent the formation of large amounts of symmetric byproducts. The preliminary attempts to produce asymmetric DAEs from C-6(6′)-diiodide disulfone (2-Me or 2-Et in Scheme 2) failed or gave low yields (less than 20% for the first cross-coupling reaction involving only one iodine substituent from two). 49 The low selectivity can be explained by the faster second step affording the product of disubstitution. Indeed, only one synthesis leading to an asymmetric and non-oxidized DAE possessing one aryl group (at C-6) and one halogen (at C-6′) has been reported to provide a good yield (over 50%, starting from the corresponding diiodide). 50 To overcome the problem of selectivity, we decided to start with an unoxidized and obviously less reactive C-6(6′)-diiodide "disulfide" (5-Me or 5-Et in Scheme 3), build the dissymmetric cores, and oxidize both benzothiophene units at the final step. After optimization, the Suzuki−Miyaura cross coupling indeed afforded the monosubstitution product, but only in moderate yields of 25−42%, when 1 equiv of the "first" boronate ester was applied in a mixture of THF/H 2 O (3:1, v/v), in the presence of K 3 PO 4 and SPhos/Pd(dba) 2 . The second cross-coupling step proceeded under the same conditions with 3 equiv of another boronate ester and afforded the asymmetric non-oxidized DAEs in good yields (>50%).
Oxidation under mild conditions with 3-chloroperbenzoic acid (m-CPBA) followed by cleavage of the tert-butyl protecting group (CF 3 CO 2 H in CH 2 Cl 2 ) afforded five new dissymmetric DAEs (Scheme 3) possessing two (7-Me, 7-Et), four (8, 10), or eight (11) carboxylic acid groups. The properties of symmetric and asymmetric polycarboxylated switches in methanol are presented in Table 1 ; normalized absorption and emission spectra in methanol and aqueous phosphatebuffered saline (PBS) are shown in Figure 1 . In general, all of them presented good properties in polar solvents, with reversible photoswitching with 365 nm/470 nm light and emission efficiencies of 0.36−0.70.
Complete conversion to the closed-ring isomer was observed upon irradiation with UV light. This is a result of the high ratio between the cyclization and cycloreversion quantum yields (Φ OF→CF /Φ CF→OF ) and has been observed for sulfone derivatives of DAE with benzothiophene units. 37, 46 The absence of competing thermal reactions is explained by extremely high thermal barriers (over 188 kJ/mol) between the isomers, 51 in the potential energy surface of the ground state of DAEs. 52 The closed forms of key compounds 4-Et and 11 were isolated by HPLC and were shown to be stable at room temperature in the dark at least for several weeks (in methanol).
Upon introduction of one or two methoxy substituents, the emission became less structured (accompanied by a loss of the shoulder observed for compounds 1a and 1b) and the emission Figure 1 . Normalized absorption and emission spectra of DAEs (Table 1) in methanol (A) and aqueous PBS (B). Compound 1 refers to 1b, "octa-acid" DAE without methoxy substituents in the paraposition of the phenyl ring, and compound 4 refers to 4-Et.
band wider. Only small red shifts (<10 nm) in the absorption band of the open-ring isomer (except for compound 3), with respect to compound 1b, were observed. The presence of amide groups nearby the methoxy residues counteracts the electron-donating effect of methoxyls. Nevertheless, the shift of the red-edge of these bands is noticeable (Figure 1) , and it enables the use of activation laser with longer wavelengths (e.g., 375 nm). The absorption bands of the closed-ring isomers present a moderate red-shift (of up to 30 nm), with a larger emission red-shift of up to ∼100 nm. Importantly, upon introduction of methoxy groups, the isomerization quantum yields Φ CF→OF decreased ∼1−2 orders of magnitude, with nearly no effects in the emission efficiencies. Note that the free carboxylic acid groups are indispensable for providing the crucial features (fluorescence and photoswitching) in aqueous buffers. The properties of compounds 4-Me and 7-Me possessing 2(2′)-methyl groups are very similar to the properties of the analogues with 2(2′)-ethyl groups, but the former have somewhat lower emission efficiencies.
Due to high emission efficiencies and low cycloreversion quantum yields (i.e., high Φ fluo /Φ on→of f ), all mono-or dimethoxylated DAEs in Table 1 are excellent candidates for markers applicable in PALM/STORM techniques. However, only those that retain their solubility and photoswitching properties in aqueous buffers are suitable for imaging under biological conditions. Compounds 8 and 10 with four carboxylic acid groups are fairly soluble in aqueous PBS (in the OF) but emit only poorly in this solvent (fluorescence quantum yields 0.04 and <0.01, respectively). In water, the CF of compound 10 showed indication of aggregation (i.e., after photoinduced cyclization). In contrast, compounds 4-Et and 11, with eight carboxylates, presented only mild reduction in the isomerization efficiency (in aqueous PBS vs methanol), and no signs of aggregation in aqueous media (at concentrations 10−20 μM). The properties of these "octa" carboxylated analogues were then studied in more detail in aqueous PBS (pH 7.4) ( Figure 1B and Table 2 ).
The most remarkable and valuable change introduced by one or two methoxy substituents is an order of magnitude increase in the ratio Φ fluo /Φ on→of f , also in aqueous environments. The relatively high values of Φ fluo /Φ on→off (2000−2500) make these compounds promising candidates for SM-based stochastic nanoscopy. As in methanol, this increase is due to the low quantum yields of the ring-opening reaction, since the emission quantum yields are on the same order. In addition, the brightness with 488 nm excitation (B = ε 488 nm × Φ fluo ; an appropriate laser for all compounds) is very similar for all dyes.
In view of these results, the most promising DAEs 4-Et and 11 were used for labeling of the secondary antibodies and STORM experiments. The two-step labeling protocol (see Experimental Section) provided a reproducible control of the degree of labeling (DOL). The obtained bioconjugates were stable and showed no precipitation or aggregation after several months, stored in a refridgerator at 4°C, in PBS at pH 6.5 and without addition of stabilizing agents (e.g., BSA). Both compounds (4-Et and 11) retained their photoswitching abilities after bioconjugation with secondary antibodies ( Figure  S1 ), and presented no reduction in emission efficiency of the closed-ring isomer with respect to the free dye (e.g., a 4-Et-antirabbit with DOL = 3.5 has a Φ fluo ≈ 0.46, and 11-anti-rabbit with DOL = 4.7 has a Φ fluo ≈ 0.38). Moreover, the specificity of the antibodies was also retained, as it was verified by confocal imaging ( Figures S2 and S3 ), on samples pre-irradiated with UV light (wide-field illumination). To this end, Vero cells were stained with the prepared bioconjugates using a standard protocol (described in Supporting Information). In such experiments, switching off of the fluorescence emission was immediately evident; the signal faded in the imaged areas as a result of the illumination, and it was recovered after exposure to UV light for a few seconds.
After the successful preparation of photoswitchable and highly fluorescent bioconjugates of compounds 4-Et and 11, we attempted imaging of immunolabeled intracellular structures in a wide-field STORM microscope ( Figure S4 ). We first confirmed that the detection of the closed-ring isomer at the SM level was possible using total internal reflection (TIRF) excitation at 488 nm and detection with a 582/75 bandpass filter (see the Supporting Information for a description of the microscope).
Images were recorded on an electron multiplying chargecoupled device (EMCCD) camera running at a frame-rate of 100 Hz. The average number of photons per detected SM switching event was on the order of N ph ≈ 100−300 (slightly varying with excitation intensity, sample conditions, and calculation method; see Figure S5 ), in accordance with the predicted value (taking Φ fluo /Φ on→off from Table 2 , and CEF ≈ 0.1 estimated from the microscope's optical components' specifications), from ensemble measurements with the free marker or the bioconjugates. Photoactivation was attempted with 405 and 375 nm lasers, with the latter being more efficient and providing more reliable control of the on-switching process, as expected from the absorption spectra of the open isomers ( Figure 1B) . Remarkably, after optimization of the immunolabeling protocol, it was possible to acquire up to ∼200 000 frames before any additional photoactivation by UV light was necessary ( Figure 2) ; i.e., the image frames contained sufficient switching events to render meaningful STORM images using only 488 nm excitation light. The activation in the absence of UV light is ascribed to the optical transition induced by the absorption at the so-called "Urbach tail" (in our case at 488 nm), or by anti-Stokes Raman scattering. The molecule in the vibrationally excited state can undergo an optical transition into 
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Article an electronically excited state by irradiation with light, the wavelength of which is longer than that of 0−0 transition. 53−56 Whenever the activation rate is too low, resulting in few localizations per frame (imparting excessive recording times), the activation laser can be enabled ( Figure S6 ) and its power increased to maintain a reasonable number of localizations per frame. Images acquired without and with the photoactivation laser (375 nm) were identical within experimental error (Figures 3 and S5A,B) .
The photoisomerization quantum yields (OF→CF) of compounds 4-Et and 11 are 2 orders of magnitude lower than that of compound 1b (in aqueous PBS; Table 2 ). Half of the initial fluorescence of cells immunolabeled with compound 1b was bleached after performing ∼20 cycles by using pulses of 375 and 491 nm light. 36 Therefore, compounds 4-Et and 11 were not expected to be more photostable than compound 1b.
A rough estimation of the average number of switching cycles may be based on the observation that SMs of fluorescent dyes (including photochromic fluorescent DAEs) generally decompose after 10 6 −10 7 excitation cycles. 57−59 If we consider the values of the isomerization quantum yields for one complete cycle (OF−CF−OF) of compounds 4-Et and 11 (Table 2) , we may estimate that the average number of switching cycles is expected to be on the order of ∼10. Evaluation of the fatigue resistance of compounds 4-Et and 11 in diluted methanolic and aqueous solutions showed that they can endure several tens of cycles ( Figure S7 ).
Further subcellular structures were also immunolabeled to test the utility of the prepared bioconjugates. In Figure 4 , images of tubulin, vimentin, and nuclear pore complexes with bioconjugates of compounds 4-Et and 11 are presented. Antimouse and anti-rabbit secondary antibodies with DOLs values in the range 3.5−6 yielded similar imaging performance. Imaging of thicker samples was found to be more challenging, due to the high amount of out-of-plane photoactivated markers (when using the 375 nm activation laser), produced by the relatively high cyclization efficiency (∝ ε OF 375 nm × Φ OF→CF ). In this case, switched-on markers accumulate in those planes, where the excitation light (488 nm), also responsible for the of f-switching process, has low intensity (due to TIR illumination conditions). Therefore, thicker sample areas exhibit higher background fluorescence which makes localization less precise. For that reason, the localization accuracy, and thus the resolution of the final images, is lower in densely labeled and thick areas.
To determine the spatial resolution of the images obtained through the switching and localization of the new DAEs at the SM level, a Fourier ring correlation (FRC) analysis was applied. 60, 61 The FRC curve and the 2σ threshold line were plotted for the localizations presented in Figure 2 and are shown in Figure S8 . According to this method, a resolution of ∼90 ± 10 nm was estimated.
■ CONCLUSIONS
We prepared new DAEs intended for superresolution microscopy of biological samples in aqueous solutions. The properties of a photoswitchable and fluorescent core were optimized through chemical modifications. We achieved a sufficient number of photons per incursion into the on statea necessary property for detection at the SM leveland at the same time retained the switching performance in buffered aqueous solutions. Another key property is a high conversion ratio to the of f state, which enabled high density labeling. A complete back-conversion to this isomer is in principle possible by irradiation with visible light with λ > 450 nm, providing a nearly unlimited [off ]/[on] ratio. In practice, however, it was found that 488 nm light can also induce the cyclization reactions producing the fluorescent closed-ring isomers, in addition to the ring-opening reactions. These features provided the opportunity to acquire high quality superresolution images using a single laser, without the need for additional photoactivation via UV excitation.
The spectral properties of compounds 4-Et and 11 (and their bioconjugates) make these DAEs reliable blue-excitable probes (i.e., 440−488 nm); in a spectral region where high quality synthetic markers are not abundant. 30 Moreover, a large Stokesshift of ∼100 nm makes them almost unique, as in general long Stokes-shift markers for fluorescence microscopy are rare; in particular, in all superresolution techniques, including those based on STORM. Thus, the presented probes may be also very valuable for multicolor (superresolution) imaging with a single excitation laser, 62 for instance in combination with standard (short Stokes shift) fluorescent dyes used in STORM. Importantly, the photoswitching of DAEs involves singletexcited states, 52 and thus the presence of blinking buffers is expected to strongly affect their photswitching behavior. In particular, the presence of thiols and other strong nucleophiles is prohibitive, as they can add to the very electron-deficient "central" double bond of the perfluorocyclopentene residue. Indeed, attempts to apply compound 4-Et in a common blinking buffer (Glox/catalase + MEA) 43 resulted in poor images ( Figure S9 ). Therefore, DAEs are expected to work in combination with markers that do not require the presence of oxygen removal media, and/or thiols. 27 This is in fact one of the most important and distinct aspects of the new DAEbiomarkers: superresolution images can be recorded without addition of oxygen scavengers (such as the Glox/catalase system), thiols, methyl viologen, ascorbic acid, or any other specific chemical additives commonly used to control the switching of the markers ("blinking buffers"). As a mounting medium (Figures 2−4, S2, S3 , and S5), we used aqueous PBS, adjusted to pH 7.4. The obvious and most relevant advantage of this approach is the possibility to extend it to live-cell imaging. Examples of markers for PALM/STORM microscopy that can function without additives have been shown. 30, 63, 64 However, in most cases much better images were obtained with the aid of the additives mentioned above, or in the presence of complex mounting media compromising or even excluding the possibility of the observation of living specimens. 26,65−67 Unlike the case of many dyes used in superresolution microscopy, the processes for on-and of f-switching of DAEs are well defined, understood, and controlled: it is the cyclization and cycloreversion of the photochromic core (Scheme 1A). Thus, all the rich evidence available for the rational design of DAEs may be applied for optimization of their properties. 37,48,68−71 As a result, important chemical modifications can be envisaged, aimed at optimizing Φ OF→CF and Φ CF→OF values and thus providing more switching cycles. Further structural changes will tune the emission color and target specific groups/functionalities, with no need to change or reoptimize the mounting medium. In particular, we are presently working on increasing the Φ fluo /Φ CF→OF ratio to improve the attainable spatial resolution in conventional SM stochastic nanoscopies (e.g., STORM). Alternatively, the fluorophores described here could be applied in the recently reported SM localization nanoscopy based on a patterned excitation profile with a local minimum (MINFLUX). 72 In combination with the drastic reduction of the required photons for SM localization provided by MINFLUX, the photons per cycle emitted by fluorophores 4-Et and 11 in aqueous media should be sufficient to achieve nanometer-scale spatial resolution.
■ EXPERIMENTAL SECTION
General Remarks. Chemicals and Reagents. Flash column chromatography was performed using cartridges from Interchim (PF-SIHC, 15 μM, 25 or 40 g SiO 2 ) or Teledyne Isco (RediSepRf, 35 μM, 24 or 40 g SiO 2 ). Analytical TLC was performed on Merck Millipore ready-to-use plates with silica gel 60 (F 254 ). The spots were visualized by illumination with a UV lamp (λ = 254 and 365 nm) and/ or staining with aqueous KMnO 4 solution. Anhydrous DMF were purchased from Sigma-Aldrich and stored over 4 Å molecular sieves. HPLC gradient-grade acetonitrile (CH 3 CN) was obtained from Sigma-Aldrich. Aqueous buffers (PBS, pH 6.5) and NaHCO 3 (pH 8.3) used for the preparation of bioconjugates and in the fluorescence assay, as well as mobile phases for HPLC, were prepared with water purified by means of an ELGA system. Unless stated otherwise, all chemicals were used as received from commercial sources without further purification. The following starting material were synthesized according to literature procedures: 5-bromo-2-methoxyisophthalic acid, 73 1,2-bis(2-ethyl-6-iodobenz[a]thiophen-1,1-dioxide-3-yl)-perfluorocyclopentene, 37 1,2-bis(2-methyl-6-iodobenz[a]thiophen-1,1-dioxide-3-yl)perfluorocyclopentene, 46 tert-butyl iminodiacetate, 74 and boronic esters B and D. 36 Secondary antibodies (AffiniPure sheep anti-mouse IgG (H+L)) were obtained from Jackson ImmunoResearch Laboratories, Inc. PD-10 desalting columns used for the isolation of the conjugates with antibodies were purchased from GE Healthcare Europe GmbH. Instruments and Methods. 1 H, 19 F, and 13 C NMR spectra were recorded at 25°C on an Agilent 400-MR and Varian Inova 500 spectrometers. Chemical shifts are given in parts per million (ppm) using the residual solvent peak(s) as a reference. 75 Multiplicities of the signals are described as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet or overlap of nonequivalent resonances. J values are expressed in Hz. The NMR spectra of hydrophilic diarylethenes (DAEs) were recorded in DMF-d 7 according to our previous work. 36 Each DAE derivative presented in this article was obtained as a mixture of two open forms (OF)antiparallel (ap) and parallel (p)and the closed-ring isomer (CF). These isomers could be detected separately by NMR spectroscopy. Due to asymmetry, it was often impossible to assign the signals to each form of DAEs. In this case, we write p/ap; the ap and p forms of the "open" isomers gave one peak in HPLC (and could not be isolated separately due to rapid interconversion). Analytical RP-HPLC was carried out with a Knauer Azura HPLC system equipped with a DAD detector. Automated flash purifications on regular silica gel and reversed phase (RP-C 18 ) cartridges were performed with a Biotage Isolera One device. Mass spectra with electro-spray ionization (ESI-MS) were recorded on a Varian 500-MS spectrometer (Agilent). High-resolution ESI-MS (ESI-HRMS) were recorded on a MICROTOF spectrometer (Bruker) equipped with an Apollo ion source and a direct injector with an LC-autosampler Agilent RR 1200. Absorption spectra were recorded on a Varian Cary 4000 UV−vis spectrophotometer, and emission spectra were recorded on a Varian Cary Eclipse fluorescence spectrophotometer. Fluorescence quantum yields were measured at 25°C using fluorescein in NaOH (0.1 M) as a reference. Determination of the quantum efficiencies of the isomerization reactions were performed in a homemade setup. Irradiation was performed in 1 cm path quartz cuvettes under continuous stirring, using LEDs at 365 ± 4 nm and 470 ± 12 nm (Thorlabs) as irradiation sources. The intensities of the irradiation light were determined using azobenzene in methanol (365 nm) and Aberchrome 670 in toluene (470 nm), as chemical actinometers. Absorption and emission of the solutions were monitored after each short irradiation step until the photostationary state was reached. Data analysis was performed as described previously. ; the suspension was purged for 5 min with Ar (Ar "bubbling") and stirred for 4 h at reflux. The reaction mixture was diluted with EtOAc, washed with brine (3 × 25 mL), dried over Na 2 SO 4 , and concentrated. The residue was purified by flash chromatography on silica gel (n-hexane/EtOAc, with a gradient from 95:5 to 50:50) to afford tert-butyl ester of compound 4-Me as a yellow solid (28 mg, 20% yield). This ester (28 mg, 15.3 μmol) was dissolved in a mixture of TFA/DCM (6 mL, 1:1, v/v) and heated with stirring for 1 h at reflux. The reaction mixture was concentrated in vacuum and subjected to flash chromatography using a RP-C 18 cartridge (system B). The product-containing fractions were pooled and lyophilized to give compound 4-Me as an amorphous yellow solid (12 mg, 57% yield Compound 4-Et. To a solution of 1,2-bis(2-ethyl-6-iodo-1-benzothiophen-1,1-dioxide-3-yl)perfluorocyclopentene 34 (50 mg, 0.062 mmol) in a mixture of THF/H 2 O (4 mL, 3:1, v/v) were added arylboronic ester E (100 mg, 0.13 mmol, 2.1 equiv), K 3 PO 4 (40 mg, 0.19 mmol, 3 equiv), SPhos (1.6 mg, 4 μmol, 6 mol %), and Pd(dba) 2 (1.1 mg, 2 μmol, 3 mol %); the suspension was purged for 5 min with Ar (Ar "bubbling") and stirred for 4 h at reflux. The reaction mixture was diluted with EtOAc, washed with brine (3 × 25 mL), dried over Na 2 SO 4 , and concentrated. The residue was purified by flash chromatography on silica gel (n-hexane/EtOAc, with a gradient from 95:5 to 50:50) to afford the tert-butyl ester of compound 4-Et as a yellow solid (87 mg, 76% yield). This tert-butyl ester (87 mg, 46.8 μmol) was dissolved in a mixture of TFA/DCM (6 mL, 1:1, v/v) and heated with stirring for 1 h at reflux. The reaction mixture was concentrated in vacuum and subjected to flash chromatography using a RP-C 18 cartridge (system B). The product-containing fractions were pooled and lyophilized to give compound 4-Et as an amorphous yellow solid (47.8 Compound 11. A solution of tert-butyl ester of compound 11 (36 mg, 0.0211 mmol) in a mixture of TFA/DCM (6 mL, 1:1, v/v) was heated with stirring for 1 h at reflux. The reaction mixture was concentrated in vacuum and subjected to flash chromatography using a RP-C 18 cartridge (system B). The product-containing fractions were pooled and lyophilized to give compound 11 as an amorphous yellow solid (16 mg, 55% yield). ap:p = 70:30.
1 H NMR (500 MHz, DMF- Bioconjugates of Compounds 4-Et and 11. Secondary antibodies were labeled using a two-step protocol consisting of (1) in situ activation of the corresponding dye, and (2) addition of the secondary antibody. First, 1 mg of the dye was dissolved in 250 μL of DMF followed by addition of N-hydroxysuccinimide (NHS) (1.4 equiv) and 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) (10 equiv). The mixture was stirred at room temperature for 1 h. Then, 25−50 μL of the mixture (0.1−0.2 mg of dye) was added to a solution of 1 mg of the protein in 1 mL of a buffered solution (pH ∼8.3) and stirred for 1 h at room temperature. The conjugates were then purified by gel filtration (Sephadex G-25 prepacked columns) with PBS, pH 6.5, followed by a fast dialysis in a protein concentrator with a molecular weight cutoff (MWCO) of 10 kDa (Vivaspin500, GE-Healthcare). Protein-containing fractions (0.5 mL each) were centrifuged at 5000 rmp until the volume was reduced to 250 μL (∼5 min), and then the same buffer was added to recover the starting volume. The process was repeated until no free dye was measured in the filtrate and the DOL remained constant, assessed by UV−vis spectrometry (Nanodrop ND-1000, Thermo Fisher Scientific).
Microscopy. The imaging of cellular structures was performed using a custom-built wide-field microscope with a TIRF illumination system, similar to systems previously reported. 43 Further descriptions are provided in the Supporting Information ( Figure S4 ). Data processing and image rendering were also reported previously. 43 The histograms of the localized SM events (i.e., STORM images) were rendered as two-dimensional Gaussians with standard deviation σ = 20 nm.
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